ABSTRACT Direct physical evidence for the linkage of a band 3 population to the cytoskeleton in the erythrocyte ghost membrane is presented. The rotational diffusion of band 3 proteins was measured by observing flash-induced transient dichroism of a covalently bound eosin probe. After proteolytic release of a 40,000-dalton cytoplasmic segment of band 3 by trypsin, a considerable enhancement in the decay of the absorption anisotropy was observed. Analysis of the data indicates that proteolytic cleavage of band 3 produces a mobile band 3 population which has restricted mobility in the unperturbed membrane due to protein-protein interactions involving the cytoplasmic band 3 moiety. Band 2.1 (ankyrin) or 4.1 or both are likefy to be involved in this interaction because a similar effect on band 3 mobility is observed after low-salt/high-salt extraction of these components. Quantitatively, it is estimated that up to 40% of band3 may be linked to the cytoskeleton. Because the ankyrin-band 3 dimer stoichiometry in the membrane is ap proximately 1:5, only about 20% of band 3 dimers can be directly linked to an rin. The remainder could be explained by the existence of higher oligomers of band 3 linked to single ankyrin polypeptides or by linkages involving other components such as band4.1 or 4.2. Elucidation of the interaction between integral and peripheral membrane proteins is important for the understanding of membrane structure and function. The human erythrocyte membrane has often been used as a model system to investigate both the assembly of cytoplasmic structural proteins at the inner membrane surface (the cytoskeleton) and the possible associations of membrane-spanning proteins with this sub-membraneous network (for a recent review, see ref. 1).
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On the basis of redistribution of membrane components seen in electron micrographs, a direct linkage between integral and peripheral proteins in human erythrocyte membranes was originally suggested (2) (3) (4) . On the other hand, the rotational diffusion of band 3, the major membrane-spanning protein of the erythrocyte membrane, was found to be essentially independent of the presence or absence of most of spectrin-actin, the quantitatively dominant components of the cytoskeleton (5, 6). Although not ruling out a direct linkage between band 3 and spectrin-actin, this latter finding pointed toward an alternative model in which the bulk of the integral proteins is considered to be trapped within the interstices of a spectrinactin network (5, 7) .
With the identification of band 2.1 (ankyrin) as the membrane binding site for spectrin (8) (9) (10) , important progress has been achieved in understanding the interaction between the cytoskeleton and the membrane. Moreover, it was recently shown that ankyrin binds to band 3 in detergent (11) , thus immediately raising the question of whether such an interaction also takes place in the intact membrane.
Rotational diffusion of band 3 proteins has been measured by using triplet probes (5, 12, 13) . In combination with biochemical manipulations of the membrane, such measurements provide a powerful approach for studying protein-protein interactions (14, 15) . It was previously found in our laboratory (16) that a considerable enhancement of band 3 rotational mobility occurs upon mild proteolysis by trypsin of erythrocyte ghosts, a treatment known to release a cytoplasmic fragment of band 3 (17) . In view of the recent developments discussed above, we have reinvestigated this finding in more detail. We have also examined the effects on band 3 mobility of salt-extraction procedures which have recently been shown to release bands 2.1 (ankyrin) and 4.1 from the membrane (18) .
MATERIALS AND METHODS
The flash photolysis technique used to measure band 3 rotation has been described in detail (5, 12, 19) . Briefly, band 3 was selectively labeled (12) by incubating intact erythrocytes for 30 min at room temperature with the triplet probe eosin-5-maleimide (Molecular Probes, Inc., Plano, TX). The eosin-band 3 monomer stoichiometry in the labeled membranes was about 1:1. The rotational diffusion of band 3 was measured in ghosts by observing the transient dichroism of ground-state depletion signals arising from excitation of the probe by a linearly polarized light pulse from a dye laser. Excitation was at 540 nm by a flash 1-2 Asec in duration, and absorbance changes were recorded at 520 nm. The data were analyzed by calculating the absorption anisotropy r(t) given by (t) A11(t)-A L(t) All(t) + 2AI(t) [1] NaDodS04/polyacrylamide gel electrophoresis and protein and eosin determinations were performed as described (19, 20) .
RESULTS AND DATA ANALYSIS Proteolysis of Band 3. Fig. 1A shows the effects of low levels of trypsin on the protein pattern of human erythrocyte membranes as visualized by NaDodSO4/polyacrylamide gel electrophoresis. In agreement with a previous study (21) , bands 3 and 4.1/4.2 were almost completely degraded by trypsin at concentrations as low as 0.5-2 ,g/ml, whereas other major components such as spectrin-actin were affected little or not at all. Band 3 is readily attacked by trypsin when the enzyme has access to the cytoplasmic surface (17) . A hydrophilic segment of molecular weight -40,000 is cleaved off, leaving behind the membrane-associated protein moiety which contains the eosin probe and is resistant to further degradation by mild trypsin treatment.
Effects of Trypsin on Band 3 Rotational Mobility. The decay of the absorption anisotropy arising from eosin-labeled band 3 in untreated and trypsinized erythrocyte membranes is shown in Fig. lB . Curve I shows the experimental r(t) obtained from untreated ghost membranes. The decay of the absorption anisotropy reflects rotation of band 3 proteins about an axis perpendicular to the plane of the membrane (12) . Curve II shows that the decay of the absorption anisotropy is considerably enhanced after trypsinization of the membranes, demonstrating an increase of rotational motion.
Because trypsin treatment of ghosts causes extensive fragmentation of the membranes (17, 21) , it is conceivable that vesicle tumbling could contribute to the decay of the absorption anisotropy seen in curve II of Fig. lB . Therefore, more detailed measurements were made on membranes suspended in a high-viscosity medium. Media with viscosity of about 400 cP were produced by the addition of 10% Kollidon 90, a polyvinylpyrrolidone polymer which has been used to abolish vesicle rotation (22) . The efficiency of the polymer in abolishing vesicle tumbling in the present experiments was established by control measurements performed on small erythrocyte membrane vesicles produced by sonication (not shown). Fig. 1C shows results obtained from untreated and trypsinized erythrocyte membranes suspended in 10% Kollidon 90. Curve I demonstrates that the viscosity increase produced by Kollidon 90 had little or no effect on the decay of the absorption anisotropy Fig. 1 B and C) . The mobility changes were most pronounced at trypsin concentrations around 0.5 ,ug/ml; little further enhancement of band 3 rotation was produced by trypsin up to 2 ,ug/ml, whereas at much higher concentrations, band 3 becomes more and more immobilized (16) . This latter result is consistent with the onset of aggregation of intramembrane particles (believed to contain band 3) which is seen in freeze-fracture electron microscopy (23) .
From the results shown in Fig. 1 it is reasonable to conclude that enhancement of band 3 rotational mobility by trypsin is due to cleavage of band 3 at the cytoplasmic membrane surface. It is important to emphasize that this effect cannot be explained merely by the decreased molecular weight of band 3 Fig. 2 . Compared to the results reported previously for untreated membranes (12), a qualitatively similar temperature dependence of band 3 rotation was still observed after protease action.
The r(t) curves obtained from trypsinized ghosts were analyzed by curve fitting procedures as described (12) . The experimental decay curves were fitted by the double exponential equation r(t) = B1 exp(-t/al) + B2 exp(-t/a2) + 0.25ro [2] in which B1, B2, a1, and a2 are constants, and the theoretically expected residual anisotropy is assumed to be 25% of the initial anisotropy ro (12) . Fig. 1 .
Based on this analysis, the following results were obtained for trypsinized membranes. As the temperature was decreased from 450C to 12'C, a, varied from about 100 psec to about 200 ,usec, whereas a2 changed from -2 msec to ;9 msec over the same temperature range. These values are similar to those previously derived from measurements on untreated ghosts (12) . a1 was virtually unaffected by trypsin, whereas a2 decreased by about a factor of 2 at comparable temperatures. Because rotational relaxation times are strongly dependent on particle diameter, this finding appears to rule out the possibility that the effects of trypsin are due to dissociation of band S aggregates. In particular, band 3 is known to exist as noncovalent *dimers in the membrane (14, 24, 25) . However, the lack of change in a, rules out a dimer-monomer dissociation.
The temperature-dependence of the coefficients B1 and B2, describing the relative contribution of rapidly and slowly rotating band 3 populations in trypsinized and untreated membranes, is shown in Table 1 . As the temperature was increased, the contribution of rapidly rotating species substantially increased in both cases. However, compared to untreated membranes, at all temperatures trypsin treatment resulted in a considerable increase in the relative contribution of rapidly rotating band 3 species. The maximal difference between the fractions of band 3 undergoing rapid rotation in untreated and trypsinized membranes was approximately 40%. At lower temperatures, the difference was partially abolished by the temperature-dependent immobilization of band 3 which affects the protein in untreated and in trypsinized membranes similarly.
Effects of Protein Extraction by Changes in Ionic Strength. We now consider the question of which protein(s) may be responsible for restricting the mobility of a population of band 3 proteins. Recently, Tyler et al. (18) reported the release of bands 2.1 (ankyrin) and 4.1 from the erythrocyte membrane by a sequential low-salt/high-salt extraction procedure. The effect of a similar treatment on band 3 rotation is illustrated in Fig. 3 . NaDodSO4 gels confirmed that bands 2.1 and 4.1 were substantially released. It can be seen that the decay of the absorption anisotropy arising from eosin-labeled band 3 is considerably enhanced after the release of bands 2.1 and 4.1. Experimental r(t) curves, recorded after incubation of ghosts in media of different ionic strength, were analyzed as described above and the results are summarized in Table 2 .
As in the case of trypsin treatment, the major change produced by sequential low-salt/high-salt treatment of ghost (5, 6) , the release of the bulk of spectrin-actin by low-salt extraction alone had little or no effect on band 3 rotation, provided that vesicle tumbling was prevented. High-salt extraction alone, however, did produce some enhancement of band 3 mobility. This effect was observed irrespective of whether or not PMSF was included during the incubations. As judged from NaDodSO4/polyacrylamide gel electrophoresis, no degradation of band 3 took place during high-salt incubations, although it is difficult to rule out some degradation of ankyrin or band 4.1. These components are in fact highly susceptible to proteolysis (18) . Alternatively., the effect produced by high salt might be explained by dissociation of a fraction of bands 2.1 and 4.1 from their binding sites on the membrane. A major release of these components into the medium would be prevented by their interaction with the spectrin-actin network. Finally, it should be noted that release of band 6 cannot account for any of the results shown in Table  2 because elution of band 6 alone by incubation of ghosts in isotonic media (7) produces no significant enhancement of band 3 rotation (unpublished data).
From Table 2 it may be calculated that the proteins extracted by the sequential low-salt/high-salt treatment restrict approximately 20% of the total band 3. Thus, the effect produced by the release of bands 2.1 and 4.1 is quantitatively less pronounced than the effect of trypsin, a finding which might be due to incomplete extraction in our experiments. Alternatively, a fraction of band 3 may be linked to the cytoskeleton via other Ghosts were incubated in media of different ionic strength. r(t) curves were recorded from membranes suspended in PK buffer at pH 7.4 and 370C. The constants al, a2, B1, and B2 were calculated by fitting the experimental data by Eq. 2. Results from experiments performed in the presence and absence of PMSF during high salt incubations were combined because no significant differences could be detected. Results are given as means i SEM from the analyses of 5-10 measurements. AB1 was calculated as in Table 1 .
components, such as band 4.2, which resist the extraction procedure. Whatever the true explanation, the qualitative similarity between the results obtained after trypsin treatments and after extraction of bands 2.1 and 4.1 is highly suggestive. All the data are consistent with the conclusion that a population of band 3 proteins has restricted rotational mobility due to interactions of the cytoplasmic segment with band 2.1 or 4.1, or both. DISCUSSION We present direct physical evidence for the transmembrane linkage of up to 40% of band 3 to the erythrocyte cytoskeleton. By combining rotational diffusion studies with proteolysis of erythrocyte membranes, we show that a population of band 3 proteins has restricted mobility in the unperturbed membrane due to protein-protein interactions involving the cytoplasmic band 3 moiety. The participation of band 2.1 (ankyrin) or 4.1 in these interactions is inferred from studies of band 3 mobility after selective extraction of structural proteins underlying the membrane.
The temperature dependence of band 3 rotation in trypsinized membranes is similar to results obtained earlier for untreated membranes (12) . Possible explanations for the temperature-dependent phenomena have been discussed in detail (12) . Whatever the mechanism, it apparently is still operative after removal of the cytoplasmic segment of band 3 by trypsin and it continues to be the major factor responsible for the decreased mobility of band 3 at 15'C. However, at physiological temperature, linkage of a major fraction of band 3 to the cytoskeleton appears to be the main factor that restricts band 3 rotational motion. It is of interest to note-that this linkage is not completely rigid because the linked band 3 population exhibits a slow rotational motion in the millisecond time range in the unperturbed membrane. This slow motion may reflect flexibility of the cytoskeletal proteins.
it is possible that trypsin and salt treatments have effects other than those detectable by gel electrophoresis. Therefore, alternative explanations of the data could be put forward. However, our conclusions are in good harmony with recent data which demonstrate binding of ankyrin to band 3 in Triton X-100 micelles (11) . Ankyrin, in turn, is the binding site for spectrinactin (8) (9) (10) . Thus, it is likely to be crosslinking of the band 3-ankyrin complex by spectrin-actin that is ultimately responsible for restricting mobility. If this is the case, the finding that removal of most of spectrin-actin alone does not enhance band 3 mobility may appear puzzling. However, it is possible that residual spectrin might be bound to ankyrin via interactions that are resistant to the conventional low-salt/EDTA extraction of the bulk of spectrin. This resistant fraction of spectrin might then be sufficient to maintain the restricted rotational mobility of those band 3 proteins attached to ankyrin. Alternatively, ankyrin by itself or in association with other components such as bands 4.1/4.2 might in principle form a linked network that restricts band 3 mobility.
According to Bennett and Stenbuck (11) , an approximate stoichiometry of 1 ankyrin per 10 band 3 monomers exists in the erythrocyte membrane, whereas a 1:1 binding ratio is found for Triton-solubilized band 3. Because band 3 proteins preserve their dimeric state in Triton X-100 (26), these authors proposed an association of two ankyrin molecules per band 3 dimer. Assuming a statistical occupancy of the ankyrin binding sites on all band 3 proteins, however, only about 1% of the dimers would be linked to two ankyrin molecules, whereas up to 20% would be attached to the cytoskeleton via a single ankyrin polypeptide. This estimation has to be compared with a value of A40%Wo for the maximal amount of restricted band 3 deduced from the present rotational diffusion measurements. This higher value could be due to the existence of band 3 aggregates (12) in which one ankyrin polypeptide restricts mobility of several band 3 dimers or to an underestimate of the ankyrin:band 3 stoichiometry. Alternatively, some band 3 might be linked to the cytoskeleton via band 4.1 or 4.2. At present it is unclear whether band 4.1 binds directly to integral proteins (1), but evidence in favor of an interaction between band 4.2 and band 3 has been presented (11, 26) .
APPENDIX
It is interesting to note that at 450C the absorption anisotropy measured for trypsinized membranes decays to a constant value r. as predicted by the theoretical equation for rotation of the protein about the membrane normal (27) . This constant value has been observed in other systems (28) but not in untreated erythrocyte membranes (12) . We calculate that, in the case of trypsinized membranes, rcD 25% of the initial anisotropy ro. The estimated value of 25% which is used in the data analysis is therefore justified. There is some evidence from studies of inhibition of anion transport (12) that eosin maleimide may occupy a specific site on band 3, so that the orientation of the transition dipole moment of the absorption band used to measure rotation may be well defined. If this is the case, it is possible to calculate the orientation from the fractional value of r. (28 
